Stearoyl-CoA desaturase 1 (SCD1) activity, a key regulator of lipid metabolism, may be associated with the development of metabolic syndrome (MetS). We examined the association of genetic variation in the SCD1 gene with the occurrence of MetS and its five components in a population of Costa Rican adults (n = 2152; mean age, 58 y; range, 18-86 y). 
Introduction
, mainly found in adipose and liver tissue, is a key regulator of lipid metabolism. It converts SFA substrates (palmitic acid and stearic acid) to MUFA (palmitoleic acid and oleic acid) (1) . MUFA generated by SCD1 are key substrates for the formation of TG and phospholipids that play important roles in cellular and metabolic functions (1) (2) (3) . Animal studies suggest that SCD1 activity plays an important role in metabolic changes (3, 4) . SCD1 activity influences plasma HDL and LDL levels in mice (5) and SCD1-null mice have low levels of plasma TG (6) . SCD1 knockout mice are protected from diet-induced obesity and insulin resistance even under overfeeding conditions (1, 7, 8) . If these patterns can be extrapolated to humans, then SCD1 might be a potential target to treat metabolic disorders, including obesity and MetS.
However, other study results have shown that SCD1 may provide protection against lipotoxicity (i.e., inflammation and insulin resistance) from SFA through converting them into less toxic MUFA (9) (10) (11) . Upregulated SCD1 expression is also inversely correlated with inflammation and insulin resistance in vivo (12) . An inverse relation between elevated SCD1 mRNA levels and insulin resistance was observed among obese and diabetic/insulin-resistant patients treated with Rosiglitazone (13, 14) . In addition, SCD1 may play a role in lowering BP through its effect on cell membrane fluidity on sodiumpotassium transports by modifying the proportion of unsaturated fatty acids in cell membrane (15) (16) (17) .
Obesity, insulin sensitivity, BP, HDL cholesterol, and plasma TG are the five major components of MetS and all of them are correlated with SCD1. Previous studies in diverse populations such as Caucasian, Hispanics, African American, and Asian have showed that composite and individual MetS traits are heritable (h 2 between 0.24 and 0.63) (18) (19) (20) (21) (22) (23) . Costa Rica has a high prevalence of MetS (24) . The objective of the present study was to examine the association between genetic variation in the SCD1 gene and prevalence of MetS using data from a large population-based study in Costa Rica. Further, SCD1 expression can be suppressed by ALA [18:3(n-3) ] (17, (25) (26) (27) and low levels of ALA are associated with increased risk of MetS (28) . A secondary study goal was to explore potential gene-fatty acid interactive effects between SCD1 and adipose tissue ALA on the occurrence of MetS.
Methods
Study population. The participants in this study were 2274 controls who were included in a case-control study of nonfatal myocardial infarction conducted in the Central Valley of Costa Rica between 1994 and 2004 (29, 30) . Population-based controls were randomly selected by matching initial cases of nonfatal myocardial infarction for age (65 y), sex, and area of residence (county) according to the information available from the National Census and Statistics Bureau of Costa Rica. Therefore, controls are representative of the general population within matching strata. The participation rate for controls was 88%. All participants gave written informed consent and the study was approved by the Human Subjects Committee of the Harvard School of Public Health and the University of Costa Rica.
Data collection. Trained personnel visited all study participants at their homes to collect data by using a questionnaire with closed-ended questions, biological specimens, and anthropometric measurements (height, weight, BP, waist/hip diameter, and skinfold thickness). Biological specimens were collected in the morning at the participant's home after an overnight fast as described in detail elsewhere (30) . A s.c. adipose tissue biopsy was collected from the upper buttock with a 16-gauge needle and disposable syringe following procedures previously described (31) . Blood samples (20 mL) were drawn during the same visit in tubes containing 0.1% EDTA after a 12-to 14-h fast. Tubes of blood were immediately stored at 48C and protected from light. Within 36 h, they were centrifuged at 1430 3 g for 20 min at 48C to isolate and divide the plasma and white blood cells into aliquots. Blood samples were sealed and stored in liquid nitrogen at 2808C until analysis in the laboratory. BP was collected in the morning after participants had voided urine and rested for 10 min, while the participant seated and by using mercury sphygmomanometers. Standardization for BP measurements was based on the procedures described in the Dietary Approaches to Stop Hypertension (DASH), National Heart Lung and Blood Institute (NHLBI). Anthropometric measurements were collected by fieldworkers with participants wearing light clothing and without shoes. All measurements were performed in duplicate and the mean was used for analyses (29, 30) .
TagSNP selection and genotyping. SCD1 gene is on chr10q24.31. The tagging approach of Carlson et al. (32) (i.e. linkage disequilibrium selection) was implemented to select SNP over a region including the SCD1 gene and ;10 kb upstream and 4 kb downstream of the gene, using the Caucasian HapMap database. Ten SNP were selected as tagSNP based on a pairwise r 2 ($0.8) and minor allele frequency ($0.05).
DNA samples were extracted from frozen buffy coats using the Qiagen QIAamp DNA Blood kit. Genotyping was performed using the SNPlex Genotyping System from Applied Biosystems (33, 34) with an ABI PRISM 3130XL DNA Analyzer (Applied Biosystems). Data were collected, formatted, processed, and analyzed using the GeneMapper Analysis software (V 4.0, Applied Biosystems), which assigned individual genotypes.
Three of the 10 tagSNP (rs2060792, rs17559878, and rs3829160) had poor genotyping results, i.e., ,80% of the samples were able to be genotyped or violated the Hardy-Weinberg equilibrium (P , 0.001). These SNP were excluded from further analysis. The genetic characteristics of the remaining seven tagSNP (rs735877, rs1502593, rs11190483, rs3071, rs11557927, rs508384, and rs1393491) are shown in Supplemental Table 1 .
Haplotype analysis. The seven tagSNP (Supplemental Table 1 ) were used for haplotype analysis. Haplotypes were analyzed using a SAS macro (35) that uses the SAS HAPLOTYPE procedure to estimate haplotype frequencies and possibilities of each haplotype pair and to calculate expected haplotype scores (under additive models) conditional on observed genotypes. Only common haplotypes (i.e., haplotype frequency $5%) were included for further association analyses. The expected haplotype scores under additive models (36, 37) were used in the evaluation of the association between SCD1 haplotypes and prevalence of MetS.
Laboratory analysis. ALA from adipose tissue was quantified by GLC as previously described (38) . Peak retention times and area percentages of total fatty acids were identified by injecting known standards (NuCheck Prep) and analyzed with Agilent Technologies ChemStationA.08.03 software. Twelve duplicate samples, indistinguishable from the others, were analyzed throughout the study. The CV for ALA is 3.9%.
Plasma cholesterol, TG, and HDL cholesterol levels were measured with an Abbott Diagnostics ABA-200 bichromatic analyzer and Abbott A-Gent enzymatic reagents (39) . Cholesterol measurements were standardized according to the program specified by the CDC and the National Heart, Lung and Blood Institute. Blood glucose was analyzed by using an Accu-Check II Blood Glucose Monitor with Chemstrip bG Test Strips (Boehringer-Mannheim Diagnostics) as previously described (39) .
Inference of population admixture. The population of Central Valley of Costa Rica derived from the recent admixture of a relatively small number of founders of Spanish, Amerindian, and West African origin (40) . Its expansion has occurred mostly by reproduction (40) . We genotyped 39 ancestry informative markers and used the ADMIXMAP software (41, 42) to estimate individual admixture proportions (i.e. the probability of belonging to West African, American Indian, and European). Details of selecting ancestry informative markers and calculating individual admixture proportions were previously described (40) . These individual admixture proportions were used to adjust for confounding due to ancestry. Statistical analysis. After eliminating participants with missing values for the individual components of MetS and the SNP that were used to assess the individual admixture proportions, there were 2152 participants included in our analysis. Based on the study sample size, the prevalence of MetS in our study population (36%), and a significance level of 0.01, with a minor allele frequency of 25%, we would have 80% power to detect a RR .1.16 under additive genetic models. t tests for continuous variables and chi-square tests for categorical variables were applied to test the differences in means or distributions of lifestyle and other variables for participants with and without MetS. PR and 95% CI were estimated to analyze the association of MetS with SCD1 SNP and haplotypes using log-Poisson models with robust variances (44) . Codominant and additive genetic models for SNP and additive genetic models for haplotypes were used. Linear regression models combined with additive genetic models were also implemented to examine the relationship between tagSNP of the SCD1 gene and 1) each component of MetS and 2) desaturation index of SCD1 (measured by 16:1/16:0 or 18:1/18:0 in adipose tissue, which indirectly reflects SCD1 activity). Each component of MetS and SCD1 desaturation index were treated as continuous variables and skewed variables were log-transformed before analysis. Because there were substantial differences between men and women in the development of MetS in previous studies (45) (46) (47) , we also performed stratification analysis on the association between SCD1 genetic variants and MetS according to sex. Models were adjusted for individual admixture proportions and age.
To address the problem of multiple comparisons, the FDR was calculated (48) . The FDR controls the expected proportion of incorrectly rejected null hypotheses in terms of the type I error (a). So far, no conventional FDR significant threshold for significance has been defined. We used 0.20 as the threshold for significance, i.e., 20% of significant discoveries based on an a = 0.05 should be expectedly false (49, 50) .
Gene-fatty acid multiplicative interactive effects on MetS were assessed using continuous ALA levels and genotypes of SCD1 tagSNP through likelihood ratio tests of log-Poisson regression models with 2 terms (i.e. SCD1 SNP and ALA) compared to the log-Poisson regression model with three terms (i.e., SCD1 SNP, ALA, and the interaction term between the two). Gene-fatty acid additive interactive effects on MetS were examined, due to the model restriction, using dichotomized ALA levels in adipose tissue and assuming minor allele dominant/recessive through likelihood ratio tests for the constrained log-Poisson regression model (i.e., constrained on PR G*E = PR G only + PR E only 21, G: genetic variation in SCD1; E: ALA) compared to the unconstrained log-Poisson regression model with three terms: genetic variation of SCD1, ALA, and interaction term. The cut point for dichotomizing ALA levels in adipose tissue was defined as the 80th percentile of its levels in our study population. This decision was based on our previous study results regarding ALA. We found that in our study population, participants in the highest quintile of ALA in adipose tissue had a lower risk of MetS and nonfatal acute myocardial infarction compared to those in the lowest quintile (28, 29) . All analyses were carried out with SAS (version 9.1; SAS Institute).
Results
A total of 770 participants (36% of the sample) met the National Cholesterol Education Program's Adult Treatment Panel III report definition of MetS ( Table 1) . Among individual components of MetS, hypertriglyceridemia (70%), low HDL cholesterol (64%), and high BP (43%) were most common in our sample. The mean age of participants with and without MetS was 61 and 57 y, respectively. Participants with MetS were more likely to be women, less likely to be physically active, and had a higher waist:hip ratio than did participants without MetS. Participants with MetS had lower ALA in adipose tissue (P , 0.01), whereas adipose tissue arachidonic acid was higher (P , 0.01). We did not observe significant differences in the mean admixture proportions between participants with and without MetS ( Table 1) . Among the seven tagSNP of the SCD1 gene, rs1502593 was significantly associated with MetS. Under the co-dominant model adjusted for individual admixture proportion and age, compared with the common homozygous CC genotype, the CT and TT genotypes for rs1502593 were associated with an increased prevalence of MetS for CT compared to CC: [PR = 1.22 (95% CI = 1.03, 1.44)] and for TT compared to CC [PR = 1.24 (95% CI = 1.01, 1.52)] ( Table 2) . Under additive models adjusted for individual admixture proportion and age, we observed a similar association between MetS and rs1502593 (P = 0.02; FDR = 0.17) (Fig. 1) . In the stratification analysis according to sex, we observed significant associations between rs1502593 and the prevalence of MetS only among women ( Table 3) . Among women, under additive models the PR of MetS for CT compared to CC and for TT compared to CC were 1.25 (95% CI = 1.09, 1.43) and 1.56 (95% CI = 1.19, 2.04), respectively; under co-dominant models, the PR of MetS for CT compared to CC and for TT compared to CC were 1.34 (95% CI = 1.05, 1.71) and 1.56 (95% CI = 1.18, 2.06), respectively (Table 3) .
Because the association between MetS and rs1502593 was significant only among women, we restricted further detailed analyses for components of MetS, desaturation indexes, and fatty acid interactions to women. In the analysis of the relation between components of MetS and rs1502593 among women, we observed significant associations of rs1502593 only with systolic BP (P-trend = 0.02; FDR = 0.11) and FBS (P-trend = 0.04; FDR = 0.11) after adjusting for individual admixture proportion. When we additionally adjusted for age, these associations became borderline significant (P-trend = 0.05, FDR = 0.12 for systolic BP; P-trend = 0.06, FDR = 0.12 for FBS) (Fig. 2) . Women homozygous for the minor allele of rs1502593 (i.e., TT genotype) tended to have higher systolic BP (P-trend = 0.05) and fasting blood glucose (P-trend = 0.06). The 2 desaturation indexes of SCD1 (16:1/16:0 and 18:1/18:0) in adipose tissue tended to be lower in carriers of the minor allele (P-trend = 0.09 and 0.12, respectively) ( Table 4) .
Next, we estimated haplotypes with a frequency $0.05 (Table 5) . After adjustment for individual admixture proportion and age, compared to the most common haplotype, G-C-C-T-T-C-T (a combination of wild alleles of the 7 SCD1 tagSNP), the haplotypes A-T-T-G-T-C-T (minor alleles in rs735877, rs1502593, rs11190483, and rs3071) and A-T-C-T-T-C-T (minor alleles in rs735877 and rs1502593) were associated with higher prevalence of MetS but were not significant (Table 5) . Consistent with the SNP analysis, after stratification by sex, only women had a significant positive association between MetS prevalence and haplotypes A-T-T-G-T-C-T [PR = 1.37 (95% CI = 1.14, 1.66)] and A-T-C-T-T-C-T [PR = 1.37 (95% CI = 1.07, 1.76)] (Table 5) . 
Downloaded from
We did not observe significant interactions (multiplicative or additive) between rs1502593 and ALA in this study (for multiplicative interaction, likelihood ratio test X 2 = 1.12, df = 1, P = 0.29; for additive interaction, likelihood ratio test X 2 = 2.40, df = 1, P = 0.12). In the analysis of additive interaction effects, the minor allele T for rs1502593 was assumed dominant.
Discussion
In this study, we identified one tagSNP (rs1502593) of the SCD1 gene that was significantly associated with an increased prevalence for MetS. After correction for multiple testing, this association remained significant. In a stratified analysis according to sex, we observed significant associations only between rs1502593 and MetS prevalence among women. In the haplotype analysis of seven tagSNP of the SCD1 gene, two observed common haplotypes carrying the rs1502593 minor allele were
We observed that gender modified the association between rs1502593 and MetS occurrence. Gender differences in MetS have been observed in previous studies (45) (46) (47) , but the modifying effect of gender on development of MetS from genetic variation has not, to our knowledge, been studied before. Studies in animals indicate that estrogen suppressed SCD1 expression (51, 52) . Therefore, differential hormone levels (e.g. estrogen) may explain the observed effect modification by gender. We found borderline significant associations between systolic BP and waist circumference and rs1502593 among women. Although no significant correlation was observed between rs1502593 and desaturation indexes of SCD1 in adipose tissue among women, we observed a trend toward low adipose tissue desaturation indexes of SCD1 among minor allele (T) carriers and participants homozygous for the minor allele T had the smallest mean value of SCD1 desaturation indexes in adipose tissue (Table 4) . Together, these results may indicate that increased SCD1 activity may reduce inflammation and insulin resistance from SFA and that SCD1 is involved in BP regulation. Consistent with our study results, recent studies in vivo and in animals suggest that elevated SCD1 expression in adipose tissue, human muscle, and endothelial cells is positively correlated with insulin sensitivity (11, 12, 53) . The conflicting results in insulin sensitivity from SCD1 knocked-out mice may be explained by the compensatory effects of activation of AMP-activated protein kinase against insulin resistance (12) . Our results support the hypothesis that SCD1 may affect BP regulation through its role in maintaining cell membrane fluidity (16, 17, 54) .
In a previous study, the association between SCD1 variation and type 2 diabetes was investigated, but no significant associations were detected (55) . However, it was pointed out that this failure of detecting significant associations did not exclude the possibility that the SCD1 variants under study (or others) influence intermediate traits relevant to pathogenesis of type 2 diabetes (55) . A study of Swedish males found that SCD1 polymorphisms that decreased SCD1 activity were associated with reduced BMI and waist circumstance as well as improved insulin sensitivity (56) . Our results indicated that among women, genetic variation in SCD1, which decreased SCD1 activity, was positively associated with FBS levels, although the association did not reach significance. The possible reasons for this difference are as follows. The Swedish study did not include women. Furthermore, it did not investigate the SNP rs1502593, which was found associated with FBS levels in our study (the pairwise r 2 of the SNP in the Swedish study with rs1502593 were ,0.4). Finally, it comprised a different ethnic study population than in our study.
Two GWAS of the MetS recently have been published, one among Indian Asian men (57) and another one in participants of European ancestry (58) . Both studies confirmed known associations with components of MetS (i.e., cholesteryl ester transfer protein and HDL cholesterol). However, there was no evidence of variants common to all the traits of the syndrome. This is consistent with the fact that the MetS is a complex and illdefined phenotype (59) . SCD1 variants were not among the variants found in any of the GWAS. However, GWAS are not designed to detect very small effects, particularly for complex disorders, and therefore, candidate genes should not be totally excluded based exclusively on GWAS findings (60) . ALA [18:3(n-3)] can suppress SCD1 expression (17, (25) (26) (27) ) and in our sample, adipose tissue ALA level, which is a biomarker of dietary ALA intake (38) , was inversely related to two desaturation indexes of SCD1 in adipose tissue (r 2 = 20.20, P , 0.001 for 18:1/18:0; r 2 = 20.19, P , 0.001 for 16:1/16:0). Previous studies showed that low levels of ALA are associated with increased risk of MetS (24, 28) . Therefore, interactions between the SCD1 gene and ALA on the risk of MetS could be plausible. However, we did not observe either multiplicative or additive interactions between rs1502593 and ALA on the prevalence of MetS. The small sample size in the gene-fatty acid interaction analysis may be one reason for no detection of interaction effects. In addition, the categorization process may, however, have contributed to a loss of power to detect additive interaction effects. Thus, more flexible models for testing additive interactions between genes and environmental variables need to be developed.
Our study has several limitations. Because Latinos are not well represented in the HapMap database, we used the Caucasian HapMap database to pick tagSNP of SCD1. However, it has been shown that the Caucasian HapMap database is transferable to Latino populations (61) . Three of the 10 tagSNP were excluded in the analysis because of a high rate of missing genotyping and violation of the Hardy-Weinberg equilibrium (P , 0.001). Therefore, it is possible that common genetic variation within the SCD1 gene was not comprehensively covered and the three excluded tag SNP may be associated with MetS. We also cannot exclude the possibility of association between rare variants in the SCD1 gene and the risk of MetS. We used an arbitrary value of 0.20 as a FDR significant threshold. Although this threshold value has been used in other genetic association studies (49, 50) and it has been proposed as a reasonable value for candidate gene studies (49) , studies on the threshold for the FDR are warranted. Had we used a more conservative threshold such as 0.05, our results should be considered null. Nonetheless, because this was a candidate gene study with a strong a priori hypothesis based on animal models and we tested only seven tagSNP, we think that a value of 0.20 is still realistic. We used adipose tissue desaturation indexes as a proxy of SCD1 activity. Although SCD1 activity measured by the desaturation indexes is not measuring true enzyme activity, adipose tissue desaturation indexes have been shown to reflect SCD1 gene expression in adipose tissue (62) . Nonetheless, SCD1 activity was estimated only in adipose tissue. SCD1 activity in other target tissues such as muscle, liver, and skin should also be measured and evaluated if we are to fully understand the potential mechanism involved in the relationship between the SCD1 gene and MetS. Our study results may not be generalized into other populations, because tagSNP of the SCD1 may be different when different population databases are used for tagSNP selection. Furthermore, the results were found in a middle-aged population and therefore results cannot be generalized to younger populations. Finally, we cannot rule out the possibility of chance in our findings.
Our findings provide a stimulus for replicating these results in other populations and finding causal genetic variants of the SCD1 gene. In addition, the underlying biological mechanisms of the SCD1 on the development of MetS require further study in different population settings. 
